Nanosize powder of ZrVFe alloy has been prepared by a laser ablation method using a ZrVFe alloy as a target material. Ablation of the target alloy was carried out in a liquid container. The laser fluence, energy density at the target surface, was adjusted by manipulating the laser power and focus size to control the ablating conditions. The obtained colloidal dispersions of the nanoparticle were filtered and dried for characterization. The crystal structure of prepared nanoparticles maintained clear crystallinity and was the same as that of the original target alloy by comparison of the X-ray diffraction pattern. The particle sizes were distributed at around 100 nm depending on the used ablation conditions. The minimum average particle size of 71 nm was obtained at the laser fluence of 20.3 J/cm 2 , while the average size was not proportional to the laser fluence. The morphologies and oxidation state of the particle have been discussed for possible use of the ZrVFe powder as a getter material.
Introduction
Small size powders exhibit special properties in many aspects compared to those of their bulk samples. Nanosize powders have become the subjects of interest in science and technology because of their novel physical, chemical and mechanical properties. A poly-crystalic metal with less than 100 nm size has a great increment of grain boundary that invokes new characteristics compared to the bulk metals. 1) Grain boundary in a metal is a disordered surface that is different from the regularly ordered original lattice of the material. Many of new properties have been observed in the nanosized metals especially colloidal dispersion of metal exhibit absorption bands or broad absorption in the UV range due to the plasmon absorption. 2, 3) Many specific absorption spectra for metallic colloids were illustrated by calculation with the optical constant of the elements and Mie theory. 4) Their nanosize powders were proved to have superior properties for their specific applications. 5, 6) Non-evaporable getters (NEG) are used in active pumping systems to achieve ultra high vacuum conditions in the order of 10 À9 Pa or lower. They can be used for effective pumping at a low aperture and sealed off vacuum device or to construct a getter pump as a complement of conventional pumping equipment. [7] [8] [9] The getter material provides a pumping action by a chemical reaction where the stray gas combines with a chemically active metal to form a low vapor pressure solid compound. To make the NEG active in the vacuum system, the getter material should be activated by heating or other activation process. The low activation temperature and short activation time are important parameters for NEG material performances. A low activation temperature is desirable and activation at 200 C was obtained for a ZrVFe alloy. 10 ) Grain boundary and grain surface are assumed to be the active areas of NEG function in this material. The efficiency of the getter is known to be affected by the getter material morphology. Because the extremely large surface area on the nanosize powder might affect their surface properties, surface chemistry like oxidization needs to be considered to improve getter performance.
Various ablation techniques have been utilized for small particle deposition. The Pulsed Laser ablation Deposition (PLD) is one of the major fields that applied laser ablation technique. However, many of the result from the PLD are not comparable to this paper, because the PLD, usually in semiconductor fabrication, has been operated in an inert gas or vacuum chamber. The particles from the ablating target fly at a high energy excited state and deposit on the nearby substrate. The ablation in gas or vacuum media has rarely been used to fabricate powder because the powder collection is not convenient in the process. On the other way, when a target material is ablated in a liquid environment, the ejecting particles are captured and suspended by the liquid.
In this paper, nanosize powder of ZrVFe alloy has been prepared by a laser ablation technique in liquid media. The ablating target was a pellet of Zr 57 V 35:8 Fe 7:2 powder, a NEG material. The ablation conditions are varied to obtain the maximum yield for the powder preparation. The prepared nanoparticle was characterized by a particle size analyzer and an electron microscope technique. Change of oxidation and crystal structure of the NEG material are also discussed.
Experimental Procedure

Materials
The ablation target was a pellet-type sintered alloy. The original alloy was obtained from Sejong materials, Korea, in metal sponge form. The metal sponge was crushed after hydride pre-treatment. The average powder size after crush was known as 69 mm. The crushed metal powder was taken dehydrogenation press at 24.1 MPa to make a green body, a pressurized solid before heating, and sintered at 900 C for 1 h. The prepared pellet, 25 mm diameter and 5 mm thickness, was attached to the rotating disk for laser ablation.
Laser ablation setup
The laser used for ablation was an Nd-YAG laser (Spctron, SL802) with 532 nm wavelength and 8 nsec of pulse width.
The laser pulses were manipulated as 100-300 mJ of output power with the repetition rate of 10 Hz. The ablation target was installed on a rotating disk as shown in Fig. 1 . The disk was mechanically connected to a small motor that rotated the target at 12 min À1 . The rotating disk and target were placed in a container filled with ethanol (98%, Aldrich) unless indicated and aligned on the optical table to make a proper focusing of laser light. The laser power and focus size were adjusted in front of the liquid container by two plano-convex lenses.
Metal powder fabrication and characterization
The laser energy and focus size were adjusted in the empty container prior to a long time ablation in liquid environments. The focus size in ethanol was almost invariable compared to that in air because the beam was adjusted parallel by two lenses. The ablation was continued about 5 h with continuous target rotation. The buoyant particles in the liquid were transferred into a beaker and sonicated for 20 min and stored for 1 h to precipitate the broken-out raw material. Only the top supernatant was taken and filtered with a membrane filter (Whatman nuclepore, PC-MB, 0.2 mm pore). The obtained dry powder was examined by a Scanning Electron Microscope (SEM, JEOL, JSM6380) and a Transmission Electron Microscope (TEM, PHILIPS, CM12) to identify particle shape and size distribution. The crystal structure of the particles was examined with the powder X-ray diffraction method (XRD, RIGAKU, RTP300RC). The chemical composition was measured with a gas analyzer (Gas Determinator, LECO, TC436) and an Energy Dispersive X-ray Spectroscopy equipped on the SEM.
Results and Discussion
Efficiency of laser ablation process
Several liquid media, water, ethanol, hexane and cyclohexane were tested in this experiment to find any effect by the kind of liquid. The particle collection container was filled with liquid media and the target was illuminated by the laser pulse through the liquid. The particles were collected as described in the experimental section shown in Fig. 1 . The particles aggregated seriously when the target was ablated in water. The particles in hexane also aggregated and their size were widely distributed. Once the particles aggregated in the liquid as shown in Figs. 2(a) and (b), sonication is not effective for particle to be suspended. Only the particles produced in ethanol appeared to be free of aggregation and nearly uniform in their size as shown in Fig. 2(c) . Stirring liquid media is not helpful for improving efficiency of the ablation. The particles from the experimental sets of vigorous stirring media show wider particle size distribution than from a steady-state solution. Some particles seem to become smaller by the repeated fracturing of the suspended particles in the stirred media. In spite of a strong laser, which can ablate the target well, the true efficiency of nanoparticle generation is not linearly depending on the laser power within our laser power range (150-300 mJ). The recovery of nanoparticles at 300 mJ of laser power is less than at 220 mJ. Because the recoveries of nanoparticles were estimated by filtering out of the suspension, all particles bigger than 200 nm were included in the yield regardless of physical process of ablation. A high laser power may break off larger particles from the target plate instead of evaporation or melting process.
Preparation of ZrVFe nanoparticle
One of the major concerns of nanoparticle preparation is their size and size distribution. The power of the ablating laser is known to be the main parameter for the powder fabrication yield. The laser parameters we consider are peak power of the laser pulse and the fluence representing energy density on the unit area of the target. The fluence values are estimated with the power of laser pulse divided by the laser focus area on the sample surface. Tightening the focus to 6.5, 2.6, and 1.37 mm diameter with 300 mJ of laser energy leads to fluence of 0.9, 5.6, and 20.3 J/cm 2 , respectively. Similar fluence variation is also available by changing laser power with a fixed focusing. Figure 3 is the microscopic image from SEM and TEM. Visually recognized powder size from the pictures is about 150 nm. Average particle size from the different laser power experiment has a trend of decrement with the laser fluence. The TEM image of Fig. 3(b) shows the particles mixed in different size, which is not clear in the SEM image. The smallest particles, which are estimated as less than 10 nm, still maintain round shapes. The round shape indicates that the ablation is not a mechanical breakaway from bulk of the target but a high temperature melting process during laser ablation.
The particle size distribution is quite well defined on both of the distribution edges. The particle distribution is affected by different fluence. Figure 4 shows histograms of particle size prepared at the different laser fluences. At the fluence of 0.9 J/cm 2 , particle sizes are 76 nm in diameter with a log- normal distribution as in Fig. 4(a) . Table 1 summarizes the result of particle size and used laser power. The high or low fluence mildly reduces particle size, but the size distribution shows overlapped distribution in the histogram. Once the same fluence is used, the similar size of particles are obtained regardless total laser power. This result indicates that the energy density on the ablating surface is a decisive parameter to generate nanoparticles. On the other hand, the total amount of the obtained powder at the same laser power, represented as yield in the table, increases with laser fluences by tightened beam diameters. It is not a surprising result because the final breakdown effects are made by the density of the laser power on the surface instead of the total energy. However, the yields made at different laser powers show inconsistent results in spite of similar laser fluences. Maximum yield of the powder is possibly limited in the liquid because a certain amount of dispersed particles will seriously reduce the laser beam transmission through the liquid. It is not clear what the threshold concentration is the minimum concentration of ZrVFe colloid in ethanol to make significant disturbance of light transmission.
3.3 Chemical and physical change of alloy during ablation No specific change on the crystallographic structure is found on the powder X-ray diffraction of the raw target material and the prepared powder. Only the samples from the ablation in water have strong zirconium oxide and zirconium alloy peaks in the X-ray diffraction pattern. The water at the ablating site is presumed to oxidize the zirconium of the vaporizing target. As Kimura 11) and Yeh 12) reported for the coagulation of oxidized particles during laser irradiation of gold nano colloids and copper colloids, the dispersion of the nanoparticles in organic liquid was dramatically accelerated under the illumination of light. In the same way, the metallic vapor in water suffered an instantaneous high temperature and oxidized into the charged nano colloids. The stability of the particle is balanced between Van der Waals attraction and Coulomic repulsion. Enhancing Van der Waals attraction forces induced rapid coagulation of colloids. As a result, the oxidative condition of the liquid induces more charged particles and the particles are coagulated. This interpretation agrees with Fig. 2 that has shown the particles in water and hexane are seriously coagulated and are not able to maintain round shape particles.
The relative ratio of elemental compositions and powder size are shown in Table 2 at several laser fluences. We found that the relative amount of V and Fe are less than that of raw material but the amount of Zr in the powder sample is about 10% more by EDS analysis shown in Fig. 5 , which is consistent in the repeated ablation samples at different laser fluences. As the vapor pressures of the metallic elements are significantly different at high temperatures like 300 C as explained by Teghil 13) the evaporation of zirconium at the instant of ablation is less than V or Fe. As a result, the particles ejecting from the ablation target loose some portion of the high-vapor-pressure elements during melting process and then the remains are cooling down and re-alloyed. The X-ray diffraction patterns in Fig. 6 shows clear -Zr peaks from the prepared nanopowder, which did not appeared in the raw material. The increased zirconium portion is assumed to be the reason of the significant -Zr peaks in the X-ray diffraction.
Conclusion
Nanosize powders of ZrVFe alloy have been prepared by laser ablation of a ZrVFe alloy. The size of the particles produced by the ablation were evenly distributed at around 71-110 nm depending on the experimental conditions. The smallest mean particle size was 71 nm at the highest energy fluence of 20.3 J/cm 2 . The ZrVFe nanopowder exhibited the same crystallographic structure as the raw target material. The stoichiometric ratio of Zr became higher than that of the starting material whereas those of Fe and V decreased. An improved yield efficiency of the laser ablation process would be necessary to obtain enough powder for an actual getter test.
